The expansion of CAG repeats has been found to be associated with at least nine human genetic disorders. In these disorders, the full-length expanded CAG RNA transcripts are cleaved into small CAG-repeated RNAs which are cytotoxic and known to be capable of forming hairpins. To better understand the RNA pathogenic mechanism, in this study we have performed high-resolution nuclear magnetic resonance structural investigations on the RNA hairpins formed by CAG repeats. Our results show the formation of a type III AGCA tetraloop and reveal the effect of stem rigidity on the loop conformational flexibility.
The expansion of CAG repeats has been found to be associated with at least nine human genetic disorders. In these disorders, the full-length expanded CAG RNA transcripts are cleaved into small CAG-repeated RNAs which are cytotoxic and known to be capable of forming hairpins. To better understand the RNA pathogenic mechanism, in this study we have performed high-resolution nuclear magnetic resonance structural investigations on the RNA hairpins formed by CAG repeats. Our results show the formation of a type III AGCA tetraloop and reveal the effect of stem rigidity on the loop conformational flexibility.
Keywords: AÁA mismatches; CAG repeats; loop conformational flexibility; NMR; RNA hairpin; stem rigidity Nucleotide repeat expansion in the human genome is mutagenic, and causes over 20 neurological disorders [1] . Among these, polyglutamine (polyQ) diseases, including Huntington's disease and several types of spinocerebellar ataxias, are a group of neurodegenerative diseases caused by the elongation of existing CAG triplet repeats in the coding region of disease genes [2] . At the molecular level, both the mutant polyQ disease proteins and expanded CAG repeat-containing mRNA confer neurotoxicity [3] [4] [5] . The expanded CAG RNA has been reported to interact with the cellular protein nucleolin, and such pathogenic RNA-protein interaction induces nucleolar stress and apoptosis [6] . The mutant RNA also interferes with pre-mRNA splicing [7] . Targeting the expanded CAG RNA by inhibitors has been shown to result in reversal of cellular defects and suppressed toxicity in cell and animal disease models [7, 8] . Recently, there have been reported results showing long expanded CAG RNA transcripts would be cleaved into small CAG-repeated RNAs (sCAGs) containing~21 nucleotides in patients [9] . These sCAGs were found to be toxic in both cell and animal disease models [9, 10] . This also highlights the pathogenic role of sCAGs in polyQ diseases.
Over the past decade, the structures of RNA sequences containing CAG repeats have been extensively investigated by chemical and enzymatic probing studies [11] [12] [13] [14] [15] . These investigations have demonstrated that long RNA sequences containing CAG repeats in the presence of non-CAG flanking sequences incline to fold into hairpin structures, providing insightful experimental evidences of the stem-loop arrangements of mutant RNA molecules that harbor expanded pathogenic CAG repeats. Depending on the Abbreviations 1D, one-dimensional; 2D, two-dimensional; Bis-Tris, bis(2-hydroxyethyl)-amino-tris(hydroxymethyl)-methane; DEPC, diethylpyrocarbonate; DSS, 2,2-dimethyl-2-silapentane-5-sulfonic acid; EDTA, ethylenediaminetetraacetic acid; HMBC, heteronuclear multiple-bond correlation; HSQC, heteronuclear single-quantum coherence; NaCl, sodium chloride; NaPi, sodium phosphate; NMR, nuclear magnetic resonance; NOESY, nuclear Overhauser effect spectroscopy; PIPES, piperazine-N,N'-bis(2-ethanesulfonic acid); polyQ, polyglutamine; ROESY, rotating frame nuclear Overhauser effect spectroscopy.
repeat lengths and the 5 0 and 3 0 -flanking sequences, CAG RNA can fold into a hairpin structure containing (a) an AGCA tetraloop or AGCAGCA heptaloop, and (b) a stem with AÁA mismatches flanked by two C-G base pairs [11] [12] [13] [14] [15] . Yet, no detailed structure of the loop has been reported and the dynamics of CAG repeats may also be affected by the presence of non-CAG flanking nucleotides.
At present, the AÁA mismatch structures in CAG repeats have been solved by X-ray crystallography in the duplex but not hairpin structural context [16] [17] [18] . Kiliszek et al. [16] reported that the two AÁA mismatches in 5 0 -r(GG CAG CAG CC) 2 adopted an antianti conformation via the formation of a H2-N1 hydrogen bond. For the three AÁA mismatches in 5 0 -r (GGGC CAG CAG CAG GUCC) 2 , Yildirim et al.
[17] reported that the 5 0 -terminal and the middle AÁA mismatches adopted also anti-anti conformations but the former contained a H61-N1 hydrogen bond and the latter contained no hydrogen bond. The 3 0 -terminal AÁA mismatch was found to adopt an anti-syn conformation. More recently, Tawani and Kumar [18] also reported the same duplex crystal structure but they found that both the 5 0 -terminal and the middle AÁA mismatches adopted an anti-anti conformation containing no hydrogen bond. This difference has been thought to result from the structural dynamics of AÁA mismatches.
Owing to the intrinsic structural dynamics of CAG repeats, it has been difficult to obtain good quality crystals of pure CAG repeats for X-ray diffraction studies. In this study, we have performed high-resolution nuclear magnetic resonance (NMR) spectroscopic investigations to elucidate the solution structural features of a single-stranded RNA oligomer containing six CAG repeats. Our results provide the first piece of detailed structural information of a hairpin formed by pure CAG repeats and reveal the effects of AÁA mismatches in the loop conformational flexibility and stem rigidity. Technologies, Inc. For simplicity, these three oligomers were named as 'rG(CAG) 6 C', 'rGG(CAG) 6 CC, and 'rG (CAG) 4 (CUG) 2 C', respectively. These RNA samples were further purified using diethylaminoethyl Sephacel anion exchange column chromatography and desalted using AmiconÒ Ultra-4 centrifugal filtering devices (Millipore Corporation, Billerica, MA, USA). The NMR samples were prepared by dissolving 0.3 lmol purified RNA into 500 lL buffer solutions containing 1.0 mM sodium phosphate (NaPi) at pH 7.0, 0.02 mM 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS), 0.1 mM ethylenediaminetetraacetic acid (EDTA), and 0.1% diethylpyrocarbonate (DEPC). A relatively low concentration of NaPi buffer was used in preparing these NMR samples in order to minimize the chance of duplex formation. The pH values of NMR samples were measured to be~6.8 using an Orion micro pH electrode (model 9826) in combined with an Orion pH meter (model 920A).
Materials and methods

RNA samples
NMR experiments
All NMR experiments were performed using a Bruker AV-500 and/or AV-700 NMR spectrometer(s). For studying the NMR signals from labile protons, the samples were prepared in a 90% H 2 O/10% D 2 O buffer solution. Onedimensional (1D) imino proton spectra were acquired using the water suppression by excitation sculpting pulse sequence [19] . For studying the nonlabile proton signals, the solvent was exchanged to a 99.96% D 2 O buffer solution and a 2-s presaturation pulse was used to suppress the residual water signal. Two-dimensional (2D) nuclear Overhauser effect spectroscopy (NOESY) experiments were performed with a mixing time of 300 ms. To study the conformational exchange, 2D rotating frame nuclear Overhauser effect spectroscopy (ROESY) experiments were performed with a spinlock time of 200 ms. Datasets of 4096 9 512 were collected for all the NOESY and ROESY experiments. The acquired datasets were zero-filled to give 4096 9 4096 spectra with a cosine window function applied to both dimensions. 
Native gel assay
Native gels composed of 25% polyacrylamide were prepared to investigate the oligomeric states of CAG RNA at different salt concentrations. The gel-loading samples were prepared in a buffer solution containing 1 mM NaPi (pH 7.0), 0.1 mM EDTA, and 0 or 150 mM sodium chloride (NaCl). For the reference lane, a nucleic acid ladder composed of 10-100-nucleotide single-strand oligomers was used. The polyacrylamide gel electrophoresis experiment was conducted at~5°C. To maintain the pH at 7.0, an electrophoretic buffer containing 9 mM piperazine-N,N'-bis (2-ethanesulfonic acid) (PIPES), 20 mM bis(2-hydroxyethyl)-amino-tris(hydroxymethyl)-methane (Bis-Tris), and 1 mM EDTA was used. RNA bands were visualized by poststaining the gels with stains-all solution.
Results and discussion
In this work, high-resolution 1 H and 13 C NMR spectroscopic investigations were conducted to study the solution structures of rG(CAG) 6 C, rGG(CAG) 6 CC, and rG(CAG) 4 (CUG) 2 C. Sequential resonance assignments were made from the NOESY H6/H8-H1 0 fingerprint regions using standard methods [21] (Figs S1-S3). The amino proton signals of cytosine residues were assigned based on the intranucleotide NOEs of H41/H42-H5. The imino proton signals of guanine residues forming Watson-Crick base pairs were assigned based on their internucleotide NOEs with cytosine amino protons (Figs S4-S6). The adenine H2 assignment of rGG(CAG) 6 CC was confirmed by 1 H-13 C HMBC experiments [22] (Fig. S7) .
rG(CAG) 6 C folds into an hairpin containing a flexible stem
Our NMR results reveal that rG(CAG) 6 C adopts a hairpin structure which comprises an 8-bp stem and an AGCA tetraloop (Fig. 1A) . In the stem, the formation of G1-C20, C2-G19, G4-C17, C5-G16, G7-C14, and C8-G13 Watson-Crick base pairs is supported by (a) the imino proton signals of G1, G19, G4, G16, G7, and G13 which appear in the Watson-Crick imino region (Fig. 1B) , and (b) the internucleotide iminoamino NOEs of G1 H1-C20 H41/H42, G19 H1-C2 H41/H42, G4 H1-C17 H41/H42, G16 H1-C5 H41/ H NMR spectrum shows that the H2/H8 signals of A3ÁA8 and A6ÁA15 were broadened. All the spectra shown here were acquired at 5°C.
H42, G7 H1-C14 H41/H42, and G13 H1-C8 H41/ H42 (Fig. S4) , respectively. The base-base NOEs between neighboring residues (Fig. 1C) and the sequential H6/H8-H1 0 NOEs (Fig. S1 ) from G1 to C8 and G13 to C20 further consolidate the formation of the double-helical stem. As evidenced by the base-base NOEs of A3 H8-C2 H6/G4 H8, A6 H8-C5 H6/G7 H8, A15 H8-C14 H6/G16 H8, and A18 H8-C17 H6/ G19 H8 (Fig. 1C) , the two AÁA mismatches, namely A3ÁA18 and A6ÁA15, remain intrahelical. In addition, these mismatches were found to adopt an anti-anti conformation, as supported by the strong NOEs of A3 H2-A18 H2 and A6 H2-A15 H2 (Fig. 1D ) which cannot be observed in an anti-syn or syn-syn conformation [16] [17] [18] . The C8 chemical shifts of A3, A18, A6, and A15 were found to be~139.5 p.p.m. (Fig. 1E) , which also agree with the C8 chemical shift (138-140 p.p.m.) of a purine base in an anti-orientation [23, 24] .
For A(anti)ÁA(anti) mismatches, five different pairing modes have been observed in crystal [16] [17] [18] and solution NMR [25, 26] structures (Fig. 1F) , including those that contain (i) no hydrogen bond [17, 18] , (ii) a H61-N1 hydrogen bond [17], (iii) a H2-N1 hydrogen bond [16] , (iv) a H62-N3 hydrogen bond [25] , and (v) a H61-N1 and N1-H61 hydrogen bonds [26] . In these pairing modes, the H2-H2 distances are about 1.7-1.9, 3.3, 2.6, 6.6-7.4, and 7.1-7.4
A, respectively. For A3ÁA18 and A6ÁA15, we estimated that their H2-H2 distances would be close tõ 2.5 A as their corresponding NOE intensities were found to be similar to the reference C2 H5-H6 NOE intensity (Fig. 1D) . By comparing the peak widths of the H2/H8 signals of G1, A3, A6, A15, and A18 at 5°C, those belonging to A3ÁA18 and A6ÁA15 were found to be broadened (Fig. 1G and Fig. S8A ), suggesting the presence of conformational change in these mismatches. Therefore, A3ÁA18 and A6ÁA15 probably underwent exchange between the pairing modes containing no hydrogen bond (Fig. 1F, i) and the H61-N1 hydrogen bond (Fig. 1F, ii) , making the stem region less rigid. This kind of exchange has been shown to be feasible because the energy barrier between the two modes is low [17] . As the H2-H2 distance in the pairing mode containing the H2-N1 hydrogen bond (Fig. 1F, iii) also agrees with the H2-H2 NOE results, it is possible that this pairing mode is also involved in the exchange via a slight reorientation of one of the adenines. For the pairing modes containing the H62-N3 hydrogen bond (Fig. 1F, iv) and the H61-N1 and N1-H61 hydrogen bonds (Fig. 1F,  v) , the H2-H2 distances are much larger than 2.5 A.
Therefore, it is unlikely that A3ÁA18 and A6ÁA15 would adopt these pairing modes.
A major and minor loop conformers in rG(CAG) 6 C
For the AGCA tetraloop, we initially expected that the loop residues would adopt the folding geometry similar to that of the reported (a) AGNN loop [25] in which the first two residues and the last two N residues (where N can be a purine or pyrimidine) stack at the 5 0 and 3 0 -ends of the loop, respectively (Fig. S8B) , or (b) RNYA loop [27, 28] in which the first purine (R) and third pyrimidine (Y) residues stack with each other at the 5 0 end of the loop, whereas the second and fourth residues flip out (Fig. S8C) . However, through detailed NOE analyses, the folding geometry of the AGCA loop in rG(CAG) 6 C hairpin was found to be very different from that of the AGNN or RNYA loop. In the AGCA loop, the first and fourth loop residues form the A9ÁA12 loop-closing base pair ( Fig. 2A) . As supported by the C8 chemical shifts of A9 (139.7 p.p.m.) and A12 (142.2 p.p.m.; Fig. 1E ) which fall into the ranges of anti (138-140 p.p.m.) and syn (140-143 p.p.m.) purine bases [23, 24] , A9ÁA12 adopts an anti-syn conformation with two possible pairing modes (Fig. 2B ). From the 1D 1 H spectrum, both the H8 and H2 signals of A9 were broadened ( Fig. 1G and Fig. S8A ), probably due to some internal motions involving A9. For A12, the H8 signal was also broadened but not the H2, revealing these motions bring about a relatively larger change in the chemical environment of A12 H8 but not A12 H2. Interestingly, an exchange between the two possible pairing modes of A9(anti)ÁA12(syn) (Fig. 2B ) agrees with these peak width observations. For the second loop residue G10, instead of stacking on A9 or flipping out, it was found to stack on C11 at the 3 0 end of the loop, as supported by the presence of G10 H8-C11 H6 NOE and the absence of A9 H8-G10 H8 NOE (Fig. 2C) . The appearance of G10 imino signal at~10.6 p.p.m. (Fig. 1B) also agrees with the fact of a stacking G10 of which the imino proton exchanges with water at a slower rate than that of an unpaired residue without stacking. Therefore, the G10 imino signal was observed in a relatively more upfield region. As evidenced by the C11 H6-A12 H8 NOE (Fig. 2C) , the third loop residue C11 was found to further stack on A12. A9ÁA12 stacks on its neighboring C8-G13 base pair, as supported by the C8 H6-A9 H8 and A12 H8-G13 H8 NOEs (Fig. 2C) . As a consequence, the AGCA loop was found to behave like a type III nucleic acid tetraloop in which the last three loop residues continuously stack at the 3 0 end of the loop. The type III loop has only been observed in RNAs such as the GAAA [29] , UAAC, and UCAC loops [30] .
In rG(CAG) 6 C, we also observed a minor set of signals belonging to residues from or close to the AGCA loop. This suggests that there may also be a minor hairpin structure with a different loop conformation. From the ROESY spectrum, the cross-peaks showing the same positive signs as the diagonal peaks indicate the presence of chemical or conformational exchange. Therefore, we confirmed that these minor signals (with the symbol '*' as the suffix of residue number) including A9* H8, C11* H6, A12* H8, and G13* H1 originated from another conformer (Fig. 2D) . By peak deconvolution, the populations of the major and minor conformers were estimated to be~70% and 30%, respectively. To eliminate the possibility of having a minor duplex conformer, we conducted a native gel electrophoresis experiment for rG(CAG) 6 C at 0 and 150 mM NaCl, respectively. At 0 mM NaCl, the duplex population was negligibly small, suggesting the minor conformer is also monomeric in nature (Fig. 2E) . The duplex population became predominant at 150 mM NaCl. As both the major and minor sets of signals (e.g., A12 H8 and A9* H8) were found to diminish at a higher NaCl concentration (Fig. 2F ), it appears that these minor signals belong to another hairpin conformer.
For the major and minor conformers, the chemical shift difference between A9* H8 and A9 H8 (0.5 p.p.m.) was found to be much larger than those between C11* H6 and C11 H6 (0.1 p.p.m.), A12* H8 and A12 H8 (0.3 p.p.m.), and G13* H1 and G13 H1 (0.3 p.p.m.), suggesting a relatively larger change in the chemical environment of A9 in these two conformers. In the type III loop conformation, A12 stacks between C11 and G13, whereas A9 stacks only on C8 ( Fig. 2A) , making A9 less structurally constrained than A12. Therefore, it is likely that the minor loop conformer results from a base flip of A9, leading to the formation of A9*(syn)ÁA12*(syn) with H61-N7 and N1-H61 hydrogen bonds (Fig. 2G) . Such two hydrogen bond pairing mode has been proposed [31] . However, as suggested by the~30% population of this minor loop conformer, it appears that the stacking interaction between A9* and C8* is weaker than that between A9 and C8 in the major conformer. This is also consistent with the fact that there is no observable NOE between A9* H8 and any other base protons (Fig. S9 ). In addition, as the transformation between the proposed major and minor loop conformers requires a base flip, we expect that there will be a large energy barrier and thus slow exchange. Although a more detailed structural analysis of the minor loop conformer is hindered due to its low population and serious peak overlap with those from the major loop conformer, the slow exchange behavior is consistent with the occurrence of two sets of peaks belonging to residues from or close to the loop.
AÁA mismatches affect the loop conformational flexibility and stem rigidity
Recently, it has been reported that increasing the stem rigidity of an RNA hairpin of hepatitis B virus made the loop residues less mobile and less accessible to the solvent, thus reducing the loop conformational G10 H1, and (F) C8 were found to be similar to those belonging to the major loop conformer of rG(CAG) 6 . (G) The presence of G10 H8-C11 H6 and C11 H6-A12 H8 NOEs and the absence of A9 H8-G10 H8 NOE support the formation of a type III tetraloop. All the spectra shown here were acquired at 5°C.
flexibility [32] . Therefore, we believe that in rG (CAG) 6 C hairpin, the loop conformational flexibility is also related to the stem rigidity. To test this, we designed a sequence named 'rGG(CAG) 6 CC' by simply adding one more G-C base pair at the terminal of rG(CAG) 6 C hairpin to increase the stem rigidity. This design also avoids interrupting the homogeneity of the six CAG repeats. Our NMR results reveal that rGG (CAG) 6 CC forms a single hairpin conformer with a 9-bp stem and an AGCA tetraloop (Fig. 3A) . The stem region is supported by the seven guanine imino proton signals which appear in the Watson-Crick imino region (Fig. 3B) . The two mismatches, A3ÁA18 and A6ÁA15, also adopt an anti-anti conformation, as evidenced by the strong NOEs of A3 H2-A18 H2 and A6 H2-A15 H2 (Fig. 3C ). More importantly, no chemical exchange cross-peak was observed in the ROESY spectrum (Fig. S10A) , revealing the presence of only one hairpin conformer. As supported by (a) the similar proton and carbon chemical shifts of the loop residues (Fig. 3D-F ) and (b) the presence of G10 H8-C11 H6 and C11 H6-A12 H8 NOEs, and the absence of A9 H8-G10 H8 NOE (Fig. 3G) , the AGCA loop of rGG(CAG) 6 CC also adopts a type III tetraloop similar to the major loop conformer of rG (CAG) 6 C. In addition, A9ÁA12 adopts a syn-anti conformation, as suggested by the C8 chemical shifts of A9 (139.5 p.p.m.) and A12 (~142.2 p.p.m.; Fig. 3F ).
The addition of the G-C base pair increases the stem rigidity, probably via reducing the conformational dynamics of AÁA mismatches in the stem. To verify this, we designed another sequence named 'rG (CAG) 4 (CUG) 2 C' by substituting A3ÁA18 and A6ÁA15 in rG(CAG) 6 C with A3ÁU18 and A6ÁU15 WatsonCrick base pairs, respectively. As expected, this sequence was also found to form a single hairpin conformer with an 8-bp stem and an AGCA tetraloop (Fig. 4A) . The formation of two A-U and six C-G Watson-Crick base pairs in the stem is supported by the eight imino proton signals which appear in the Watson-Crick imino region (Fig. 4B ) and the iminoimino NOEs between neighboring bases (Fig. 4C) . The single loop conformer, as suggested by the absence of chemical exchange cross-peak in the ROESY spectrum (Fig. S10B) , also behaves like a type III tetraloop, as evidenced by the appearance of G10 H8-C11 H6 and C11 H6-A12 H8 NOEs and the absence of A9 H8-G10 H8 NOE (Fig. 4D) .
The above results show the formation of the minor loop conformer in the hairpin of CAG repeats can be hindered by increasing the stem rigidity, revealing that the loop conformational flexibility is related to the stem rigidity due to the presence of AÁA mismatches. As conformational dynamics of RNA plays an important role in mediating specific interactions with other molecules, the detailed structural and dynamics information obtained from the hairpin containing pure CAG repeats in this study will be beneficial to further investigations of the pathogenic mechanism of sCAGs toxicity and drug development. 
Supporting information
Additional Supporting Information may be found online in the supporting information tab for this article: Fig. S1 . NOESY H6/H8-H1' fingerprint region shows the sequential assignment of rG(CAG) 6 C. The spectrum was acquired at 5°C with a mixing time of 300 ms. Fig. S2 . NOESY H6/H8-H1' fingerprint region shows the sequential assignment of rGG(CAG) 6 CC. Fig. S3 . NOESY H6/H8-H1' fingerprint regions show the sequential assignments of rG(CAG) 4 (CUG) 2 C at (A) 5°C and (B) 25°C. Fig. S4 . NOESY H1-H41/H42 fingerprint region shows the labile proton assignment of rG(CAG) 6 C. Fig. S5 . NOESY H1-H41/H42 fingerprint region shows the labile proton assignment of rGG(CAG) 6 CC. Schemes of the folding geometries of (B) AGNN tetraloop in which the first (L1) and fourth (L4) loop residues form a L1-L4 loop-closing base pair, the second loop residue (L2) and the third loop residue (L3) stack on L1 and L4, respectively, and (C) RNYA tetraloop in which L1 and L3 stack at the 5' end of the loop, whereas L2 and L4 flip out. Fig. S9 . NOESY fingerprint region of rG(CAG) 6 C shows no NOE between A9* H8 and other base protons. Fig. S10 . ROESY H2/H6/H8-H2/H6/H8 fingerprint regions of (A) rGG(CAG) 6 CC and (B) rG(CAG) 4 (CUG) 2 C show no chemical exchange cross-peak.
